Gordonibacter urolithinfaciens sp. nov., a urolithin-producing bacterium isolated from the human gut Urolithins are dibenzopyranone metabolites that exert anti-inflammatory activity in vivo and are produced by the gut microbiota from the dietary polyphenols ellagic acid (EA) and ellagitannins. However, the bacteria involved in this process remain unknown. We report here a novel bacterium, strain CEBAS 1/15P
, the type and only reported strain of the only species of the genus Gordonibacter, with about 97 % 16S rRNA gene sequence similarity; they were both obligately anaerobic, non-spore-forming, Gram-stain-positive, short-rods/coccobacilli and metabolized only small numbers of carbon sources. L-Fucose, Dfructose, turanose, D-galacturonic acid and a-ketobutyric acid were metabolized by strain CEBAS 1/15P T , while G. pamelaeae was negative for metabolism of these compounds. The whole-cell fatty acids consisted predominantly of saturated fatty acids (70 %); strain CEBAS 1/15P T differed significantly from G. pamelaeae in the major fatty acid, which was C 18 : 1 v9c, while anteiso-C 15 : 0 was the major component for G. pamelaeae. The presence of a number of different fatty acid peaks, especially C 19 : 0 cyclo and C 18 : 1 v6c, was also indicative of distinct species. Six glycolipids (GL1-6) were recognized, while, in G. pamelaeae, only four glycolipids were described. On the basis of these data, the novel species Gordonibacter urolithinfaciens sp. nov. is described, with strain CEBAS 1/15P T (5DSM 27213 T 5CCUG 64261 T ) as the type strain.
Epidemiological studies have correlated the intake of some polyphenol-rich foods such as fruits and vegetables with the lower incidence of some chronic pathologies such as cardiovascular diseases and cancer (Liu, 2003; Yao et al., 2004) . However, phenolic compounds are poorly bioavailable because they are extensively metabolized, which prevents the clear identification of the final metabolite responsible for their health benefits in vivo (Manach et al., 2004) . Ellagitannins are dietary phenolic compounds present in various fruits (pomegranate, strawberries, walnuts, chestnuts, blackberries, raspberries), with the principal component being ellagic acid (EA) (Larrosa et al., 2010a) . Both ellagitannins and EA are largely metabolized by the gut microbiota of different mammals including rats (Cerdá et al., 2003) , pigs (Espín et al., 2007) and humans (Cerdá et al., 2005a, b) . In all these cases, both EA and ellagitannins yield dibenzopyranone derivatives known as urolithins. Production of these microbe-derived metabolites is subject to high interindividual variability (Selma et al., 2009; García-Villalba et al., 2013) . As urolithins have been reported to exert beneficial biological activity (Larrosa et al., 2006 (Larrosa et al., , 2010b Seeram et al., 2007; González-Sarrías et al., 2009) , the identification of the micro-organisms involved in EA metabolism is of great interest. However, nothing is known regarding the microbiota responsible for urolithin production.
We isolated a strain capable of transforming EA to urolithins from the faeces of a healthy female, and its metabolic characteristics were analysed (data not shown) in Spain. The sample was processed for isolation of bacteria within 2 h. The sample was diluted 1/10 (w/v) in nutrient broth (Oxoid) supplemented with 0.05 % L-cysteine hydrochloride and homogenized by stomacher in a filter bag. The filtered suspension was diluted further in the same broth medium, and aliquots were plated on DRCM agar (Merck). The isolation procedure and incubation of plates were carried out under anaerobic conditions in an anaerobic T ), from a 1 : 100 dilution plated on DRCM agar, could metabolize EA to urolithins. The strains used in the present study were maintained on anaerobe basal agar (Oxoid) incubated for 3 days at 37 u C in the anaerobic chamber.
The type strains of all currently recognized species of the genera Gordonibacter (Gordonibacter pamelaeae DSM 19378 T ), Eggerthella (Eggerthella lenta DSM 2243 T and Eggerthella sinensis DSM 16107 T ) and Paraeggerthella (Paraeggerthella hongkongensis DSM 16106 T ) were obtained from the DSMZ for comparative analyses and were resuscitated and maintained under the conditions specified in the DSMZ online catalogue (http://www.dsmz.de). For electron microscopy, end-exponential phase growth of strain CEBAS 1/15P
T in ABB was prepared and analysed by energy-filtered transmission electron microscopy. For chemical fixation, immediately after collection, cells were fixed with 3 % glutaraldehyde in fixative buffer of sodium cacodylate for 30 min at 6 u C. Afterwards, samples were rinsed in sodium cacodylate buffer. For negative staining, a drop of the culture was placed on a grid to allow organisms to attach. The organisms were then stained with 2 % (w/v) aqueous uranyl acetate, dried immediately with filter paper and viewed on a JEOL JEM-1011 transmission electron microscope.
Routine tests (such as Gram stain and catalase activity) were carried out using standard protocols (Doetsch, 1981) . Additional physiological tests were performed using the API Rapid ID32A and API 20A kits (bioMérieux). Conversion of a variety of different carbon sources was examined using the Biolog GENIII kit (incubated under anaerobic conditions) following the manufacturer's instructions. Strain CEBAS 1/15P
T and all reference strains were assayed for their ability to metabolize EA to urolithins. All strains were subcultured in ABB (Oxoid) containing EA at 30 mM. The test culture was incubated for 3 days at 37 u C in an anaerobic chamber as described for the isolation procedure. An aliquot (5 ml) of the bacterial culture was centrifuged and the supernatant was extracted with diethyl ether (5 ml, three times). The organic phases were pooled and evaporated under reduced pressure until dry and redissolved in 1 ml methanol. Samples of 100 ml of each methanolic fraction, from both organic and aqueous phases, were analysed by LC-MS-MS after filtration through a 0.45 mm filter as described by Cerdá et al. (2004) . Urolithin-like metabolites were identified according to their UV and MS spectra as well as MS/MS fragments, as previously described, and quantified at 305 and 360 nm using urolithin A as a standard (Cerdá et al., 2005a; Espín et al., 2007) .
The almost-complete 16S rRNA gene sequence of the isolated strain was obtained by PCR amplification on a Genius thermocycler (Techne), followed by direct sequencing using primers 616V (forward) and 699R (reverse), as described before (Arahal et al., 2008) , to target about 1000 nt close to the 59 end, and primers P609D and P1525R to target positions 785-802 and 1525-1541, respectively, as described previously (Lucena et al., 2010) . The manually corrected sequence was compared with public sequences in the EMBL database using the BLAST program (National Center for Biotechnology Information; http://ncbi.nlm.nih.gov/) and the EzTaxon.org server version 2 (Chun et al., 2007) . Related sequences were analysed further using the ARB package (Ludwig et al., 2004 ; http://www.arb-home.de). Sequence alignments were further corrected manually using the ARB EDIT sequence editor. Phylogenetic analysis using alternative treeing methods (neighbour-joining, maximum-parsimony and maximum-likelihood) and data subsets was performed using the appropriate ARB tools (Ludwig et al., 1998) . Isolation of DNA for determination of the DNA G+C content by HPLC followed published procedures (Cashion et al., 1977; Mesbah et al., 1989) . The resulting deoxyribonucleosides were analysed by HPLC (Tamaoka & Komagata, 1984) . Phage lambda DNA and three DNAs with published genome sequences representing a G+C range of 43-72 mol% were used as standards. DNA G+C contents were calculated from the ratio of deoxyguanosine and thymidine according to the method of Mesbah et al. (1989) .
Respiratory lipoquinones were extracted from 100 mg freeze-dried cell material using the two-stage method described by Tindall (1990a, b) . Respiratory quinones were extracted using methanol/hexane (Tindall, 1990a, b) followed by phase separation into hexane. Respiratory lipoquinones were separated into their different classes (menaquinones, ubiquinones, etc.) by TLC on silica gel (Macherey-Nagel art. no. 805 023), using hexane/tert-butyl methyl ether (9 : 1, v/v) as solvent. This step was carried out by HPLC analysis on an LDC Analytical HPLC (Thermo Separation Products) fitted with a reversed-phase column (Macherey-Nagel; 26125 mm, 3 mm, RP18) using methanol/heptane (9 : 1, v/v) as the eluent. Respiratory lipoquinones were detected by absorption at 269 nm and identified by comparison with the retention times of reference compounds. Polar lipids were extracted from 100 mg freeze-dried cell material using chloroform/methanol/0.3 % aqueous NaCl (1 : 2 : 0.8, by vol.) (modified after Bligh & Dyer, 1959) . The extraction solvent was stirred overnight and the cell debris was pelleted by centrifugation. Polar lipids were recovered into the chloroform phase by adjusting the chloroform/ methanol/0.3 % aqueous NaCl mixture to a ratio of 1 : 1 : 0.9 (by vol.). Polar lipids were separated by two-dimensional silica-gel TLC (Macherey-Nagel art. no. 818 135). The first direction was developed in chloroform/methanol/water (65 : 25 : 4, by vol.) and the second in chloroform/methanol/ acetic acid/water (80 : 12 : 15 : 4, by vol.). Total lipid material and specific functional groups were detected using dodecamolybdophosphoric acid (total lipids), Zinzadze reagent (phosphate), ninhydrin (free amino groups), periodateSchiff (a-glycols), Dragendorff reagent (quaternary nitrogen) and a-naphthol/sulphuric acid (glycolipids). Full details were given by Tindall et al. (2007) .
Fatty acid methyl esters were obtained by saponification, methylation and extraction from 40 mg cells scraped from Petri dishes using minor modifications of the method of Miller (1982) and Kuykendall et al. (1988) . Fatty acid methyl ester mixtures were separated using the Sherlock Microbial Identification System (Microbial ID), which consisted of an Agilent model 6890N gas chromatograph fitted with a 5 % phenyl-methyl silicone capillary column (0.2 mm625 m), a flame-ionization detector, Agilent model 7683A automatic sampler and an HP computer with MIDI database (Hewlett Packard). Peaks were automatically integrated and fatty acid names and percentages calculated by the MIS Standard Software (Microbial ID). A dendrogram was reconstructed with the hierarchical clustering function (Euclidean distance, Ward linkage) using SYSTAT 10 for Windows software (SPSS).
Subcultures of the novel strain CEBAS 1/15P
T occurred as small, white, semi-translucent colonies after 3 days of incubation at 37 u C under strictly anaerobic conditions on plates of anaerobe basal agar. The strain was subjected to further investigation using a combination of phenotypic, genotypic and chemotaxonomic characterization. Fig. S1b; sl) . The mean cell length was 1.11±0.22 mm (n570; min. 0.65 mm; max. 1.57 mm) and the mean cell diameter was 495±56 nm (n570; min. 411 nm; max. 613 nm). A characteristic feature of cells was a marked longitudinal asymmetry, with one end of the cell exhibiting a pronounced conical form ( Fig. S1c ; ae), similar to that described for G. pamelaeae (Würdemann et al., 2009) . The biochemical characteristics of strain CEBAS 1/15P
T and the type strains of G. pamelaeae, P. hongkongensis and the species of Eggerthella are summarized in Table 1 . Strain CEBAS 1/15P
T was Gram-stain-positive and catalasepositive, but generally negative for utilization of most substrates. Only one positive reaction (arginine dihydrolase) was observed with the API kits, the only test that gave a positive reaction for all strains used in the comparison. In addition, ten carbon sources, dextrin, pectin, D-galacturonic acid, D-fructose, D-and L-fucose, glucuronamide, a-ketobutyric acid, turanose and D-fructose 6-phosphate, were metabolized in Biolog GENIII plates. Results of urolithin production tests revealed that only strain CEBAS 1/15P T and G. pamelaeae DSM 19378
T gave positive reactions for urolithin production (Table 1) .
A nearly complete 16S rRNA gene sequence (1477 bp) was obtained for isolate CEBAS 1/15P
T that indicated that the strain belonged to the family Coriobacteriaceae. The sequence was aligned with those of all currently accepted members of the Coriobacteriaceae. Phylogenetic trees, representing minimum-evolutionary distances (JukesCantor) (Fig. 1) , maximum-likelihood (Fig. S2) and maximum-parsimony methods, were reconstructed and, in all cases, strain CEBAS 1/15P
T grouped with the only member of genus Gordonibacter as well as the genus Eggerthella and Paraeggerthella as part of a larger assemblage that also included Denitrobacterium detoxificans NPOH1 T (93 %). Although it is not possible to distinguish species on the basis of 16S rRNA gene sequence similarities alone, it is now generally accepted that organisms showing 3 % or more 16S rRNA gene sequence divergence are not members of the same species (Lawson et al., 2005) . The G+C content of DNA of strain CEBAS The two predominant menaquinones detected in strain CEBAS 1/15P T were menaquinone 6 (MK-6) and monomethylmenaquinone 6 (MMK-6). MK-6 was the major respiratory lipoquinone in strain CEBAS 1/15P T (61.0 %; with 39.0 % MMK-6). Similar results were obtained previously for G. pamelaeae DSM 19378 T (59.5 %, with 40.5 % MMK-6), P. hongkongensis DSM 16106 T (67.8 %, with 32.2 % MMK-6) and Eggerthella lenta DSM 2243 T (63.7 %), whereas MMK-6 was predominant in Eggerthella sinensis DSM 16107 T (60.4 %) (Würdemann et al., 2009 ). Consequently, the major menaquinone is a potentially valuable chemotaxonomic marker in the family Coriobacteriaceae.
In strain CEBAS 1/15P T , three major phospholipids, phosphatidylglycerol and diphosphatidylglycerol and an unidentified phospholipid, were detected. Six glycolipids (GL1-6) were also observed (Fig. S3 ). All reference strains displayed similar patterns, but lacked glycolipids GL5 and GL6 and the unidentified phospholipid, as described previously (Würdemann et al., 2009) . The four glycolipids GL1-4 ran with similar, but not identical, R f values, suggesting structural differences that may be the result of differences in the sugars present and/or the configuration of their linkages, rather than the number of sugars present (Würdemann et al., 2009) . This pattern of glycolipids appears to be unique to this group of organisms.
The cellular fatty acid profiles of strain CEBAS 1/15P
T and the type strains of all currently recognized species of the genera Gordonibacter, Eggerthella and Paraeggerthella are shown in Table 2 , and a cluster analysis dendrogram is available as Fig. S4 . An overall greater percentage of saturated (70.4 %) rather than monounsaturated (28.6 %) fatty acids was extracted from cells of strain CEBAS 1/15P
T . Cells of G. pamelaeae DSM 19378 T contained even larger amounts of saturated fatty acids (88.7 %) and smaller quantities of monounsaturated components (8 %). Strain CEBAS 1/15P
T was also the only strain to contain cyclic T and Eggerthella sinensis DSM 16107 T fell into four main clusters (Fig. S4) . Eggerthella lenta DSM 2243 T clustered together with Eggerthella sinensis DSM 16107 T , and these strains were separated clearly from the other strains. The predominant fatty acid in strain CEBAS 1/15P T was the monounsaturated fatty acid C 18 : 1 v9c (17.3 %), while anteiso-C 15 : 0 was the main fatty acid described previously in G. pamelaeae (19.8 %; Würdemann et al., 2009) . Furthermore, relatively large amounts of C 16 : 0 DMA (16.9 %) were detected in strain CEBAS 1/15P T (Table 2 ). Although G. pamelaeae DSM 19378
T also possessed a significant amount of C 16 : 0 DMA (13.5 %), the amount of C 18 : 1 v9c was much smaller in the G. pamelaeae type strain (3.65 %). In contrast, smaller amounts of iso-C 15 : 0 DMA, anteiso-C 15 : 0 , C 14 : 0 and C 14 : 0 DMA were detected in strain CEBAS 1/15P
T with respect to G. pamelaeae DSM 19378 T . Therefore, the monounsaturated fatty acid C 18 : 1 v9c and the saturated fatty acids iso-C 15 : 0 DMA, anteiso-C 15 : 0 , C 14 : 0 and C 14 : 0 DMA are key fatty acids capable of differentiation between the novel isolate and G. pamelaeae.
In the present study, we investigated the phylogenetic, physiological/biochemical and chemotaxonomic properties T within the genus Gordonibacter suggests its association with the mucosa as a member of the normal flora instead of an opportunistic pathogen, as suggested previously in the case of G. pamelaeae. Based on the strain's unique 16S rRNA gene sequence, its phenotypic and chemotaxonomic properties and the data obtained for its nearest neighbours, a novel species is proposed within the genus Gordonibacter. Thus, we propose the name Gordonibacter urolithinfaciens sp. nov. to accommodate this strain.
Description of Gordonibacter urolithinfaciens sp. nov.
Gordonibacter urolithinfaciens (u.ro.li9thi.ni.fa9ci.ens. N.L. neut. n. urolithinum urolithin; L. v. facio to produce; N.L. part. adj. urolithinifaciens urolithin-producing).
Gram-stain-positive, motile, obligately anaerobic, nonspore-forming coccobacilli. Cellular fatty acids consist mainly (~70 %) of saturated fatty acids (predominantly iso-C 14 : 0 and anteiso-C 15 : 0 ), with smaller amounts of monounsaturated fatty acids (~29 %) (predominantly C 18 : 1 ) and cyclic fatty acids (0.4 %). The major respiratory lipoquinone present is MK-6; MMK-6 is a minor component. Major polar lipids are phosphatidylglycerol, diphosphatidylglycerol, an unidentified phospholipid and six glycolipids (GL1-6). Oxidation/ fermentation of arabinose, glucose, mannose, raffinose, trehalose and xylose is not observed. Arginine dihydrolase is present. Nitrate is not reduced. Other biochemical and physiological characteristics are shown in Table 1 .
The type strain is CEBAS 1/15P T (5DSM 27213 T 5CCUG 64261 T ), isolated from human faeces of a healthy volunteer. The G+C content of the genomic DNA of the type strain is 66.4 mol%.
